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Abstract  
The effect of Co on the phase stability of the CrMnFeCoxNi family of alloys, where the 
atomic ratio x = 0, 0.5, 1.5, has been experimentally established following 1000 hour heat 
treatments at 700 and 900̊C and up to 5000 hours at 500˚C. All the alloys were single phase 
fcc in the homogenised condition, except for CrMnFeNi which also contained bcc 
precipitates that remained present following exposures at 900̊ C and 700̊C. The exposures at 
900̊ C and 700̊C also resulted in the formation of j phase precipitates in the CrMnFeNi and 
CrMnFeCo0.5Ni alloys but not in the CrMnFeCo1.5Ni alloy. These data, in conjunction with 
results previously published in the literature, conclusively establish that Co stabilises the fcc 
matrix at elevated temperatures. However, at 500˚C, further bulk decomposition i  the 
CrMnFeNi alloy was observed and produced a fine-scale intergrowth of a NiMn L10 phase 
and CrFe j phase. Grain boundary precipitates were also observed following exposure at 
500˚C in the CrMnFeCo0.5Ni and CrMnFeCo1.5Ni alloys. Four different phases were 
observed on the grain boundaries of the CrMnFeCo0.5Ni alloy (Cr carbide, j, FeCo B2 and 
NiMn L10), whilst only two phases were found on the grain boundaries of the 
CrMnFeCo1.5Ni alloy (Cr carbide and NiMn L10).  The experimental observations facilitated 
an assessment of the fidelity of current thermodynamic predictions of phase equilibria. All 
the phases predicted were observed experimentally and the j s ability fitted the experimental 
observations well. However, at lower temperatures, thermodynamic predictions were less 
consistent with experimental observations, underpredicting the extent of theB2 phase field 
and failing to predict the formation of the L10 phase. 
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Introduction 
 
Multi-principal-component alloys, which maximise configurational entropy, so-called High 
Entropy Alloys (HEAs), were defined by Yeh et al. as “Alloys with five or more principal 
elements each with a concentration between 5 and 35at.%” [1]. The most widely studied set 
of alloys following this approach are based on the 3d transition metals, of which Cr, Fe, Co 
and Ni are the most commonly used elements [2]. One such example is the equiatomic 
CrMnFeCoNi alloy, first reported by Cantor et al. in 2004 [3]. This quinary alloy has been 
shown to exhibit many useful properties including a high Hall-Petch coefficient [4,5] and a 
negative temperature dependence of strength and ductility [5,6], leading to enhanced fracture 
toughness at cryogenic temperatures [7]. However, the alloy has insufficient yield strength at 
room temperature for many engineering applications [8]. Furthermore, while it was originally 
thought to be stable as a single solid solution phase at all temperatures below the melting 
point, studies have revealed the precipitation of a topologically close packed (TCP) j phase 
following heat treatments below 800˚C [9–11]. In addition, below 500̊C, three different 
precipitate phases formed, which were identified as NiMn L10, FeCo B2 and Cr-rich bcc 
[10]. 
The formation of j phase in this temperature range is also observed in austenitic 
stainless steels [12] and Ni-base superalloys [13], where it has a highly deleterious effect on 
the mechanical properties of these materials. As such, these alloys are unsuitable for 
structural applications at elevated temperatures where the j phase might be expected to form. 
Consequently, there has been interest in developing non-equiatomic alloys within the 
CrMnFeCoNi system that suppress j formation and enhance mechanical properties [14–22]. 
However, effective design of new alloys in this system requires a complete understanding of 
the effect of composition and temperature on phase stability, particularly of the j phase. 
A key challenge in the development of HEAs arises from the vast compositional 
freedom inherent in multi-principal component systems, which makes systematic 
experimental investigation alone prohibitively time-consuming. As such, the use of 
computational methods to predict the phase stability across multi-dimensional compositional 
space is essential [23,24]. One such approach is the CALPHAD method [25], which has 
proven highly effective in more conventional alloy systems. However, the underpinning 
thermodynamic databases are predominantly based on the phase equilibria of binary and, to a
lesser extent, ternary systems and  increasing body of evidence shows that the fidelity of 
their predictions in higher order systems, particularly at near-equiatomic compositions, i  
unreliable [18,26–31]. Furthermore, many studies of phase stability in HEAs have focused on 
temperatures in excess of 1000̊C [18,28,30], where single-phase solid solutions are more 
likely to form due to the enhanced entropic contribution to Gibbs energy. Consequently, there 
is a particular lack of experimental data t lower temperatures and, as a result, many 
thermodynamic predictions at these temperatures remain unverified. Where experimental 
data does exist, it is often acquired from material that has not been subjected to an 
appropriate homogenisation heat treatment and subsequent thermal exposure to promote the 
precipitation of stable phases [31,32]. This is particularly true when investigating phase 
stability at low homologous temperatures, where there may be severe kinetic limitations o 
phase formation, as evidenced in recent radiotracer studies [33–35]. So far, comparisons of 
CALPHAD predictions, using the TCHEA1 database, with experimental results have shown 
that the calculations significantly underestimate the temperature range of stability of the j 
phase [27–29]. 
 
In order to improve our understanding of phase stability in the CrMnFeCoNi system, it is 
necessary to determine the effect of each constituent element on the microstructural 
equilibrium. It has been well established that Cr is the main j forming element in the 
CrMnFeCoNi system and as such promotes the formation f the j phase [13,14,28,36–41]. In 
addition, systematic studies of the effect of Mn and Ni have recently been carried out, which 
assessed the phase stability following long-term exposures at t mperatures between 500 and 
900̊ C [27,29]. This is the temperature range in which second phase precipitates have been 
observed in the equiatomic alloy [9,10]. The studies established that Mn promotes j 
formation whereas Ni stabilises the fcc matrix. However, to date, similarly detailed studies 
have not been performed when varying Co or Fe and so the effect of these elements remains 
unclear. The role of Co is of particular interest due to its high cost relative to the other 
constituent elements, which could significantly undermine the commercial uptake of these 
alloys. 
The first study of the Co-free CrMnFeNi alloy by Wu et al. [42] reported that other 
phases, in addition to the fcc phase, were present following homogenisation t 1100̊C for 
24 h. Whilst no attempt was made to identify these phases, the associated XRD pattern 
contained reflections that are characteristic of the j phase, along with others that might be 
consistent with a bcc phase. A further investigation of Co variations was carried out by Bracq 
et al. [28] who observed fcc, bcc and j phases in the Co-free quaternary following a 144 h 
exposure at 1000̊C. In contrast, the 1100˚C annealed specimen contained only an fcc and bcc 
phase, suggesting that the j solvus may lie in the region 1000 - 1100˚C. Alloys containing 10 
and 90 at.% Co, with other elements in equal amounts, were also investigated following 144 
h heat treatments at 1100̊C. The alloy containing 10 at.% was single phase fcc whereas the 
90 at.% Co alloy contained a second hcp Co phase with the same composition as the fcc 
matrix. This was attributed to an allotropic, martensitic transformation during cooling and 
hence, hcp Co was not considered an equilibrium phase at 1100̊C. The most comprehensive 
study to date on the effect of Co was carried out by Zhu et al. [19] on samples containing 5, 
10 and 20 at.% Co, annealed at 850̊ C for 48 h. The 5 at.% Co alloy contained dark and light 
precipitates which were together identified as the j phase. The 10 at.% Co sample also 
contained j precipitates, though in much smaller volume fraction and the 20 at.% Co alloy 
was single phase fcc. 
Thus, the current literature data suggest that Co enhances the stability of the fcc solid 
solution relative to the j phase in concentrations up to 20 at.%. However, this conclusion is 
based solely on results from exposures ≥ 850̊ C, which may be above the solvus temperature 
of any intermetallic phases; and following relatively short exposures of 24– 144 h, which 
may not yield equilibrium microstructures. Furthermore, in these studies [19,28,42], the 
specimens were heat-treated directly from the as-cast condition, which often contains 
solidification-induced microsegregation [29,32,43], as confirmed in the specimens 
investigated by Zhu et al. [19]. This segregation may influence the microstructural features 
subsequently formed, particularly at lower temperatures and following short exposures where 
limited diffusion can take place.  
Therefore, to elucidate the role of Co on phase equilibria in the CrMnFeCoxNi system, 
this manuscript presents a systematic study of the phase equilibria of three alloys, where the 
atomic ratio was x = 0, 0.5, 1.5. All of the alloys were homogenised just below their solidus 
temperatures prior to long duration exposures of at least 1000 h at 500, 700 and 900˚C; the 
temperature range in which phase decomposition has been shown t  occur in other alloys 
within the CrMnFeCoNi system [9,10,19,27]. 
 
Experimental 
 
Three alloy compositions, CrMnFeNi, CrMnFeCo0.5Ni and CrMnFeCo1.5Ni, which 
correspond to 0, 11.1 and 27.3 at.% Co respectively, were prepared by arc-melting elemental 
metals, of at least 99.5% purity, under an inert argon atmosphere. To improve the 
macroscopic homogeneity of the materials, each ingot was inverted and re-melted a total of 
five times. 
Differential Scanning Calorimetry (DSC) was performed on the as-cast alloys using a 
‘Netzsch DSC 404’ calorimeter operated under flowing argon at temperatures between 50 - 
1450̊C with a heating and cooling rate of 10̊ C / min. The as-cast ingots were subsequently 
solution treated for 100 h at 1170̊C, ~50̊ C below the lowest incipient melting point 
determined from the DSC data. To prevent oxidation during the homogenisation heat-
treatment, each ingot was encapsulated within an evacuated and argon backfilled quartz 
ampoule. Transverse sections, approximately 10 mm thick, were taken from the homogenised 
and quenched ingots. These were re- ncapsulated and subjected o long-duration (at 
least 1000 h) heat treatments at 500, 700 and 900˚C, followed by rapid water quenching. 
Specimens were prepared for Scanning Electron Microscopy (SEM) analysis by 
conventional grinding and polishing routes. Each sample was subjected to rough and fine 
grinding using SiC paper followed by polishing using 6 and 3たm diamond suspensions. Final 
polishing was carried out using a 0.04たm colloidal silica solution. The specimens were 
characterised in each condition using back-scattered electron (BSE) imaging in a Zeiss 
Gemini 300 scanning electron microscope operated  15kV. Energy dispersive X-ray (EDX) 
elemental partitioning maps and point compositions were also obtained from Kg peaks using 
an Oxford Instruments Symmetry detector. An average of at least ten EDX spectra points 
were used for the compositional quantification of each phase. Further characterisation of fine 
scale structures was carried out using a  FEI Osiris scanning transition electron microscope 
(STEM) equipped with Super-X EDX detectors. TEM specimens were prepared from 3mm 
diameter discs, thinned by twin-jet electropolishing. Lamella containing specific areas of 
interest were also extracted from the bulk material by focussed ion beam (FIB) milling. 
Additional phase characterisation was performed by X-ray diffraction (XRD) using 
Ni filtered Cu Kg radiation on a Bruker D8 Advance diffractometer equipped with a 
LYNXEYE-XE position sensitive detector. Diffraction data was acquired in the angular 
range of  20 - 125̊ 2し whilst the sample was rotated to improve sampling statistics. Phase 
identification and lattice parameters were obtained by full-pattern refinements of the XRD 
data using the Pawley fitting procedure [44] in TOPAS-Academic.  
  
Results 
 
The bulk composition of each alloy was obtained from the homogenised condition by 
averaging five large area EDX maps. Each map was at least 500 × 500 µm and the quoted 
error is the standard deviation between the five measurements. In all cases, the individual 
elemental concentrations, displayed in Table 1, were within ± 1 at.% of their target 
composition. The melting temperatures of each alloy, in the homogenised condition, were 
obtained from DSC as the onset of melting and are displayed in Table 2. 
 
CrMnFeCo1.5Ni 
 
The microstructure of the CrMnFeCo1.5Ni (Co1.5) alloy was studied in the homogenised 
condition and following subsequent long-term heat treatments at 900, 700 and 500˚C. BSE 
images for each heat-treatment condition are displayed in Fig. 1. In each condition, the 
specimens had a large grained microstructure and BSE contrast appeared to refl ct crystal 
orientation rather than compositional variations. Dark particles, present throughout each 
specimen, were identified aspores or oxide inclusions. The mottled contrast within the 
grains, which is particularly apparent at higher magnifications, is a polishing artefact 
attributed to chemical etching due to the alkaline nature of the colloidal silica polishing 
solution. In the specimens exposed at 900 and 700˚C, macroscopic chemical homogeneity 
was confirmed by EDX; a typical example of which is shown in the elemental partitioning 
maps, taken from the 700˚C specimen (dashed outline), shown at the bottom of Fig. 1. In 
contrast, following exposure at 500˚C, fine-scale discrete precipitates were occasionally 
observed on the grain boundaries. An exemplar BSE image of th se precipitates i shown in 
Fig. 2, along with corresponding elemental partitioning maps. Whilst t e precipitates were 
too small obtain reliable elemental quantification of their composition, the elemental 
partitioning maps revealed that they were enriched in NiMn and depleted in the other 
elements relative to the matrix. 
X-ray diffraction patterns from each heat-treatment condition are shown in Fig. 3. All 
patterns contained only reflections that were consistent with a single fcc phase, with a measured 
lattice parameter of 3.59 Å. No reflections corresponding to the grain boundary precipitates in 
in the 500˚C specimen were observed, which is unsurprising considering their small size and 
volume fraction. 
 
CrMnFeCo0.5Ni 
 
BSE images of the CrMnFeCo0.5Ni (Co0.5) alloy following homogenisation and long duration 
exposures are shown i  Fig. 4. As with the Co1.5 alloy, homogenisation of the Co0.5 alloy 
produced a single phase material, with no evidence of any elemental partitioning in the 
related EDX maps. Following 1000 h heat-treatment at 900̊C, a new light-contrast phase was 
observed to have precipitated along the grain boundaries and within the grains. The grain 
boundary precipitates were large and blocky, whilst the intragranular precipitates had an 
elongated lenticular morphology. EDX elemental partitioning maps, taken from within the 
dashed box, indicated that these precipitates were enriched in Cr, depleted in Ni and Mn and 
had similar levels of Co and Fe when compared to the surrounding matrix. 
 
Following long duration exposure at 700̊ C, similar light-contrast precipitates are observed 
along the grain boundaries along with some dark-contrast precipitates.  These two phases 
were generally observed on separate grain boundaries, although they did also appear 
coincidently at certain locations, as shown in the higher magnification image in Fig. 4. EDX 
elemental partitioning maps obtained from within the dashed region of the image are shown 
below. These maps indicate that both precipitate phases are enriched in Cr, but they exhibit 
marked differences in the partitioning of the other elements. The light-contrast phase was 
depleted in both Mn and Ni when compared to the surrounding matrix material and a slight 
depletion in Fe was also noted, whilst the Co concentration appeared to be very similar to the 
matrix. Conversely, the dark-contrast precipitates were depleted in all elements relative to the 
matrix, with the exception of Cr, in which it was more enriched than the light-contrast phase. 
 
On initial inspection, the material exposed at 500̊ C did not appear contain any second 
phases. However, higher magnification images revealed very fine-scale light and dark 
precipitates at discrete locations on the grain boundaries. These precipitates were too fine t  
resolve in SEM-based EDX elemental segregation maps, but their appearance in BSE was 
very similar to the phases observed in the 700̊C condition. 
The XRD patterns corresponding to the homogenised and long duration exposed 
conditions of the Co0.5 alloy are displayed in Fig. 5. As with the Co1.5 alloy, each pattern 
contained strong reflections corresponding to an fcc phase with a lattice parameter of 3.61 Å, 
likely to be the matrix. Initially, no additional reflections were observed corresponding to the
precipitate phases observed in the microstructure. This i unsurprising as considering the 
relatively large grain sizes in these alloys, the overall volume fraction f precipitate phases 
will be small. However, further sampling of the 900˚C specimen did reveal additional 
reflections between 42 and 45 ˚2し, see insert in Fig. 5. These peaks are often reported as 
being characteristic of the j phase [19,27,28,45,46], and therefore, it is thought that the light-
contrast precipitates correspond to the j phase. 
 
Individual phase compositions, obtained by averaging ten or more point EDX spectra from 
each phase, are provided in Table 3. As with the bulk compositions, the quoted error is the 
standard deviation of the individual measurements. The composition of the fcc matrix in each 
condition was found to be within 1 at.% of the bulk composition, emphasising the small 
volume fraction of precipitates present. Notably, the composition of the light-contrast phase 
was highly consistent between the 900 and 700˚C conditions, with a composition of 
approximately 45Cr-15Mn-20Fe-11Co-9Ni (at.%). This is in good agreement with the 
composition of the j phase reported by several other studies investigating alloys derived from 
the CrMnFeCoNi system [9,10,29]; and with the j phase field in the Cr-Mn-Fe ternary phase 
diagram at 700˚C [47], supporting the identification of j reflections in the diffraction data 
above. Due to their small size, compositional analysis of the dark-contrast precipitates was 
much more challenging and, as such, there were more substantial errors associated with the 
elemental quantification. However, as was evident in the elemental partitioning maps shown 
in Fig. 4, the quantified results indicated that these precipitates had a substantially higher Cr-
content and significantly lower Fe- and Co- contents than the j phase. Similar backscattered 
image contrast and elemental partitioning trends of a grain boundary phase have been 
reported previously in other thermally exposed CrMnFeCoNi alloys which were shown t  be
the M23C6 carbide phase [9,29]. Therefore, whilst no confirmatory crystallographic data has 
been acquired, it is believed that these precipitates are likely to be a carbide phase formed as 
a result of an unintentional incorporation of C.  
 
CrMnFeNi 
 
BSE images and corresponding EDX elemental partitioning maps for the CrMnFeNi alloy are 
displayed in Fig. 6. The homogenised specimen consisted of a large grained microstructure 
which contained annealing twins. Large, faceted precipitates were observed both at the grain 
boundaries and within the matrix grains, particularly along twin boundaries. EDX elemental 
partitioning maps revealed that these precipitates were rich in Cr, depleted in Mn & Ni and 
had a similar concentration of Fe relative to the matrix. The corresponding X-ray diffraction 
pattern, shown in Fig. 7, revealed two distinct sets of reflections that were indexed to an fcc 
and a bcc phase, with lattice parameters 3.62 and 2.87 Å respectively. The multi-component 
solid solution phases in the CrMnFeCoNi system are known to adopt an fcc structure, whilst 
the composition of the Cr-rich phase, given in Table 4, was consistent with the large bcc 
phase field within the Cr-Mn-Fe ternary phase diagram at 1200˚C [48]. This two-phase 
microstructure was consistent with the DSC trace shown in Fig. 8, which featured two 
melting events. 
 
Thermal exposure of the homogenised material t 900̊C resulted in extensive precipitation of 
a light-contrast phase which formed near-continuous layers along some matrix grain 
boundaries. Widespread formation f small, dark-contrast lath-shaped and spheroidal 
precipitates were observed throughout the material. The spheroidal precipitates often 
contained secondary lath-shaped precipitates of a lighter-contrast. Representative elemental 
partitioning maps of a grain boundary region i the 900̊C specimen indicated that all the 
precipitate phases were Cr-rich when compared to the matrix. Additionally, all the 
precipitates were depleted in both Mn and Ni relative to the matrix. However, the Fe 
partitioning varied between the light and dark precipitates. The Fe-content of the dark-
contrast precipitates was depleted with respect to the matrix, whereas, the light-contrast phase 
had a similar Fe concentration to the matrix. Furthermore, the lath-shaped secondary 
precipitates within the dark-contrast spheroidal particles had the same elemental partitioning 
behaviour as the matrix. As such, three distinct phases were observed within the 
microstructure and their quantified phase compositions are provided in Table 4. The matrix 
phase was substantially depleted of Cr and enriched in Ni and Mn, reflecting the large 
volume fraction of precipitates. The composition of the light-contrast phase was around 
44Cr-19Mn-26Fe-11Ni (at.%) which is consistent with the j phase that was identified in the 
Co0.5 specimens exposed at 900 and 700̊C. The dark-contrast precipitates however, 
contained ~ 64 at.% Cr and their composition was consistent with the bcc phase in the Cr-
Mn-Fe ternary phase diagram at 900̊ C [48]. Phase identification was further supported by 
the corresponding XRD pattern, displayed in Fig. 7, which contained reflections consistent 
with an fcc (a = 3.62 Å), bcc (a = 2.88 Å) and j phase (a = 8.83 Å, b = 4.57 Å). The presence 
of spherical bcc particles containing secondary precipitates suggests that they are remnants of 
the bcc particles formerly present i  the homogenised condition. 
 
Following long duration exposure at 700˚C, the Co-free quaternary contained dark- and light- 
contrast precipitates, very similar to those observed at 900˚C. As such, these dark and light 
phases are assumed to be the bcc and j phases respectively. As in the 900˚C condition, lath-
shaped bcc precipitates appeared throughout the microstructure, though they were generally 
finer. Conversely, the former bcc particles were larger but had internally decomposed 
yielding finer secondary precipitates. There also appeared to be a much smaller volume 
fraction of j phase which was only observed on grain boundaries, predominantly coincident 
with the Cr-rich former bcc precipitates. Representative EDX data from the 700˚C condition 
showed that the dark- and light-contrast precipitates had the same elemental partitioning 
trends as in the 900˚C exposed condition. However, the corresponding X-ray diffraction 
pattern, shown in Fig. 7, only contained reflections consistent with the presence of an fcc and 
a bcc phase, which had the same lattice parameters as in the 900˚C specimen. No reflections 
corresponding to the j phase were observed which, again, suggests a decrease in the volume 
fraction of j compared to the 900˚C exposed condition. 
 
The microstructure of the material exposed for 1000 h at 500˚C, shown in Fig. 6, initially 
appeared similar to the homogenised condition, containing large dark-contrast particles 
within a lighter matrix. However, higher magnification imaging revealed that both the matrix 
and former bcc precipitates had decomposed to form complex multi-phase nanocrystalline 
structures. A BSE image of a former bcc precipitate and the surrounding matrix, Fig. 9a, 
shows that the former matrix consisted of a convoluted inter-growth of light and dark phases, 
with colonies of lamellar of varying interlamellar spacing. The former bcc precipitate, which 
had a darker overall contrast, contained a finer convolution of dark and light phases. A higher 
magnification image of the boundary between a former bcc precipitate and the former matrix 
is shown in Fig. 9b; EDX elemental partitioning maps, (i) through (iv), correspond t  the 
dashed region. In this region, a significant coarsening of the microstructure at the former 
grain boundary allowed for a closer examination of the phases present. In the former matrix 
region, at the bottom of the image, dark-contrast particles featuring annealing twins were 
surrounded by a near-continuous light-contrast phase. However, in the former bcc precipitate 
region, at the top of the image, the phases were too fine to resolve in SEM. Elemental 
partitioning maps, corresponding to the dashed area of the image, showed that the former bcc 
region remained Cr-rich and depleted of Mn and Ni compared with the former matrix. The 
Fe-content of each region appeared to be similar, though there was significant partitioning of 
Fe to the former grain boundaries. Determining the elemental partitioning behaviour of the 
fine microstructures within each region was beyond the resolution of SEM-based EDX 
except for at the former grain boundary, in Fig. 9b, where a coarsening of the microstructure 
revealed a continuous light-contrast CrFe-rich phase; and discrete, dark-contrast NiMn-rich 
particles. 
 In order to further characterise the phases present in this alloy, TEM microanalysis 
was employed. The STEM image and corresponding EDX elemental partitioning maps of the 
lamellar region revealed that the light and dark contrast phases were CrFe and NiMn-rich 
respectively.  
The XRD pattern for the 500˚C condition, shown in Fig. 7, includes reflections 
corresponding to an fcc (a = 3.61 Å), bcc (a = 2.88 Å) and j phase (a = 8.78 Å, c = 4.56 Å), 
which were also present in the 900̊C condition. Additional reflections were also observed 
which correspond to a new ordered L10 phase with lattice parameters a = 2.63 Å and c = 3.52 
Å. The relative intensity of the reflections from each phase indicate that the volume fraction 
of the fcc and bcc phases has decreased substantially, so that the L10 and j phases are now 
the majority phases. This suggests that the light- and dark-contrast phases observed 
correspond to the CrFe-rich j phase and the NiMn-based L10 phase respectively. 
STEM-based EDX phase quantifications, displayed in Table 4, were obtained from 
the EDX data in Fig. 10, based on an average of five area spectra within each lamella. It was 
found that the CrFe-rich j phase contained around 10 at.% Mn and 6 at.% Ni with the 
compositional balance equally split between Cr and Fe. Conversely, the NiMn-based L10 
phase contained less than 5 at.% of Cr and Fe with the balance composed of Ni and Mn in an 
approximately equiatomic ratio. It should be noted that, due to the small precipitate size, the 
EDX signal measured for one precipitate may include signal from adjacent phases. 
 
Discussion 
 
Effect of Co on phase stability 
 
Based on the data presented above, and previous results published in the literature [9,10,28], 
the influence of Co on the phase stability of CrMnFeCoxNi alloys can be clearly established. 
It is evident that Co is a strong fcc solid solution stabilising element at elevated temperatures, 
which corresponds well with the trends expected from electronic structure calculations, such 
as average d-orbital energy levels or valence electron concentrations [49,50,51]. This is most 
clearly demonstrated by the presence of an fcc + bcc two-phase field below the solidus in the 
Co-free quaternary. The formation of a bcc phase in this alloy has been previously reported 
by Bracq et al. [28] in specimens exposed at 1100̊C. Raising the Co-content to an atomic 
fraction 0.5, or beyond, increased the relative stability of the fcc solid solution phase, which 
resulted in a single-phase fcc region below the solidus. This single-phase field expands as a 
function of increasing Co concentration, depressing the formation of the j phase to lower 
temperatures. For example, in the present study, j phase precipitates were observed at 900̊ C 
and below in the Co-free and Co0.5 specimens; but were not present in any of the heat-treated 
Co1.5 specimens. This trend fits well with previous studies of the equiatomic CrMnFeCoNi 
alloy which have shown that the j phase is stable at 700̊C but not at 900̊ C [9,10]. 
 
A more precise determination of the j phase solvus was attempted using the DSC data, 
displayed in Fig. 8, which was obtained on heating for each condition. A thermal event, 
believed to correspond to the j solvus, was observed only in the CrMnFeNi quaternary 
specimens exposed at 700̊C and 500̊C. This is unsurprising as these were the samples that 
appeared to have the greatest volume fraction f j phase. The apparent j solvus, between 
1040 and 1090̊C, is also in good agreement with the work of Bracq et al. [28], who observed 
j at 1000̊C but not at 1100̊C. The DSC trace for the 500˚C quaternary specimen also 
contained a separate, much larger, thermal event between 650-750˚C; this is believed to 
correspond to the solvus of the L10 phase. 
 
Formation of intermetallic phases at low temperatures 
 
The potential for the formation of intermetallic phases increases at low temperatures, as the 
contribution of entropy to the Gibbs energy is diminished. This is reflected in the 
microstructures of the alloys exposed at 500̊ C. At this temperature, the Co-free quaternary 
alloy underwent bulk decomposition, forming a fine scale intergrowth f e ordered NiMn 
L10 phase and j phase. Similarly, fine precipitates, thought to be the j phase, were present on 
the grain boundaries of the Co0.5 alloy, whilst the Co1.5 specimen contained NiMn-rich grain 
boundary precipitates. Based on the identification of a NiMn L10 phase in the Co-free 
quaternary, it may be assumed that the NiMn-rich phase in the Co1.5 alloy also takes the L10 
crystal structure. However, following a much longer exposure of 12000 h, Otto et al. [10] 
observed a FeCo B2 and a Cr-rich bcc phase, in addition to the NiMn L10 phase, on the grain 
boundary of the equiatomic CrMnFeCoNi alloy. Their observation indicates that the 
formation of additional thermodynamically stable phases may be kinetically inhibited within 
1000 h at 500˚C. Therefore, to establish whether the formation f additional phases was 
kinetically inhibited in the specimens heat-treated at 500˚C, samples of all three alloys were 
subjected to further exposures at 500˚C to achieve total exposure durations of 2500 and 
5000 h.  
 
Following these further exposures at 500˚C, additional fine-scale precipitates were clearly 
present on the grain boundaries of the Co1.5 and Co0.5 alloys, whilst no changes in phase 
constitution were observed in the Co-free alloy. BSE images and EDX elemental partitioning 
maps of representative grain boundary regions f the Co1.5 alloy following these exposures 
are displayed in Fig. 11. The elemental partitioning maps revealed the presence of a Ni- and 
Mn- rich phase, as well as a Cr-rich phase. Both precipitates were depleted of all other 
elements relative to the matrix. Based on the phases previously identified in this system, the 
NiMn-rich precipitates are believed to be the L10 phase, whilst the Cr-rich phase is believed 
to be a carbide. This i supported by the observed C enrichment coincident with the Cr-rich 
precipitates in the elemental partitioning maps of the 5000 h condition. A slight enrichment 
of Fe and Co was also observed in the regions adjacent to the NiMn- and Cr-rich precipitates. 
However, there was no clear evidence within the data collected to suggest that these regions 
constituted an additional phase.  
 
BSE images of typical grain boundary regions from the Co0.5 alloy following further 
exposures along with elemental partitioning maps are shown in Fig. 12. From these data four 
different precipitate phases were identified. As in the 1000 h condition, there was evidence of 
dark- and light- contrast precipitates on the grain boundaries in the BSE image. These were 
both found to be Cr-rich but exhibited marked differences in the partitioning of the other 
elements. The dark contrast precipitates were depleted in all other elements, whereas, the 
light contrast precipitates were depleted in N  and Mn but contained a similar concentration 
of Co and Fe to the surrounding matrix. As such, these precipitates are believed to be a Cr 
carbide phase and j phase respectively. Other precipitates were found to beNi- and Mn- rich, 
indicating that, at 500˚C, the L10 phase forms in all of the studied alloys. Evidence of 
precipitates enriched in both Fe and Co was also found, which, critically, also showed 
depletions in the concentrations of other elements. As such, these precipitates are believed to 
be the FeCo B2 phase which has been identified previously in the CrMnFeCoNi alloy [10]. 
 
The prolonged exposure times required to form certain precipitate phases at 500̊C means that 
care must be taken to distinguish between kinetic and thermodynamic influences on the 
observed phases at this temperature. Recent radiotracer [33– 5] and inter-diffusion [52] 
studies have measured the individual diffusivities of each component element in the 
CrMnFeCoNi alloy and its constituent quaternaries. These data have highlighted that, within 
this system, the homologous temperatue has a dominant influence on the diffusional 
kinetics. Thus, as the melting temperature of the alloys studied here increased with Co-
content (Table 2), the diffusivities of each elemental species at a given temperature would be 
expected to decrease [53]. As such, the kinetics of phase formation may be slower in alloys 
with greater Co-contents, thereby enhancing the metastabiliy of the fcc solid solution. 
However, to date, no appropriate diffusional data exists for the Co-free quaternary nor other 
related non-equiatomic alloys to conclusively establish and quantify the effect of Co on the 
kinetics of diffusion. 
 
Fidelity of thermodynamic predictions 
 
A predicted pseudo-binary phase diagram between CrMnFeNi and Co, calculated using the 
TCHEA3 database and ThermoCalc, is displayed in Fig. 13. The solidus is predicted to 
increase steadily with increasing Co-content and closely matches the values measured by 
DSC, to within 15̊ C (Table 2). The phase diagram suggests that above ~4 at.% Co, a single 
fcc phase field exists below the solidus, whereas, with lower Co concentrations a bcc phase 
also forms during solidification. The extent of the fcc + bcc phase field is small and exists 
only to ~1050̊C.  Below this temperature a large fcc + ı phase field is predicted, suggesting 
that the formation of the intermetallic phase is preferable to the bcc phase. The j formation 
temperature decreases in a linear fashion with increasing Co concentration. 
 
The experimental observations from this study, and previous studies [9,10] of the equiatomic 
quinary alloy, involving exposures of at least 1000 h, are indicated on the pseudo-binary 
phase diagram. Conditions that produced single-phase fcc microstructures are denoted with 
green squares, whilst those which contained j phase precipitates are shown by red circles. 
Exposures that produced both j and bcc precipitates are identified by purple hexagons and 
those for which produced other phases, including the L10, were present are represented by 
blue diamonds. 
 
Comparing the TCHEA3 predictions with the experimentally observed phases shows that the 
trend of the predicted j solvus fits well with the experimental data for alloys containing up to 
20 at.% Co. However, when the Co-content was increased to an atomic ratio of 1.5, the 
absence of the j phase at 700̊C suggests that increasing Co-content beyond the equiatomic 
concentration supresses the formation of j substantially more than the linear trend predicted. 
The bcc phase observed in the Co-free quaternary was predicted by TCHEA3, but only at 
high temperatures. However, our experimental observations indicated that the bcc phase 
remained stable down to a temperature of at least 700̊C. There was also evidence of the bcc 
phase in the XRD pattern from the 500˚C specimen (Fig. 7), but due to the slow diffusion 
kinetics this phase could well be metastable. In addition, a Cr-based bcc phase was observed 
by Otto et al. [10] in CrMnFeCoNi at 500̊ C, this reappearance of a bcc phase at higher Co-
contents is not predicted by TCHEA3. However, a CoFe-based B2 phase was predicted at 
500̊ C in alloys containing ≥ 25 at.% Co. This phase was experimentally observed at 500̊ C 
in the equiatomic quinary alloy [10] and in the Co0.5 alloy studied here. Interestingly, 
definitive evidence of the B2 phase was not found in the Co1.5 alloy, even after a 5000 h 
exposure. Again, the lack of clear experimental evidence of this phase in the Co1.5 alloy may 
be due to kinetic suppression rather than thermodynamic stability. Nevertheless, the 
appearance of the B2 phase in the equiatomic and Co0.5 alloys require an adjustment of the 
database to extend the compositional range of this phase to lower Co-contents at 500˚C. 
A more major discrepancy between experimental results and thermodynamic predictions 
related to the formation of the ordered L10 intermetallic phase, which has been 
experimentally observed at 500˚C in all of the alloys within the considered compositional 
range. This phase was not predicted to form at all when the TCHEA3 database was used, 
despite being present in the MnNi [54], CoMnNi [55], CrMnNi [55] and FeMnNi [56] phase 
diagrams, which highlights an issue with the relative position of the corresponding Gibbs free 
energy curves. 
  
Conclusions 
 
This study has experimentally investigated the effect of Co concentration on phase stability in 
the CrMnFeCoxNi family of alloys and assessed the fidelity of equilibrium phase predictions 
of the latest High Entropy Alloy thermodynamic database. 
The results show that Co effectively stabilises the fcc phase at elevated temperatures, 
suppressing the formation of the bcc and j phases. In the homogenised condition, the Co-free 
quaternary contained bcc precipitates, while alloys containing ≥ 11.1 at.% Co were single 
phase fcc. Subsequent exposures at 900 and 700̊C resulted in the formation of j phase 
precipitates in the Co-free and Co0.5 specimens, but not in the Co1.5 alloy, which remained 
single phase fcc. At 500̊ C, the CrMnFeNi alloy underwent bulk fine-scale decomposition 
producing an intergrowth of a NiMn L10 and CrFe j phase. Fine-scale precipitates were also 
observed on the grain boundaries of Co0.5 and Co1.5 alloys at this temperature. Four different 
precipitate phases, a Cr carbide, j, an FeCo B2 and a NiMn L10 were observed on the grain 
boundaries of the Co0.5 alloy, whilst only a Cr carbide and a NiMn L10 were found on the 
grain boundaries of the Co1.5 alloy. 
Thermodynamic predictions for this system described j stability reasonably well but 
underestimated the stability of the bcc phase, which was experimentally observed at much 
lower temperatures than predicted. Moreover, they underpredicted the extent of the B2 p ase 
field and failed to predict the formation of the ordered L10 phase at 500̊C. This portrays a 
general decrease in the fidelity of thermodynamic predictions at lower temperatures which 
may be attributed to the lack of appropriate low temperature experimental data in the 
literature. Consequently, at present, care should be taken when using thermodynamic models 
to predict low temperature phase stability in alloys of the CrMnFeCoNi system. 
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Table 1 
Bulk compositions of each alloy in the homogenised condition. Elemental concentrations are 
given in atomic percent and the error is the standard deviation between five large area EDX 
scans. 
Alloy  Cr  Mn Fe Co Ni 
CrMnFeCo1.5Ni 18.4 ± 0.1 18.7 ± 0.1 18.1 ± 0.1 27.0 ± 0.1 17.8 ± 0.1 
CrMnFeCo0.5Ni 22.6 ± 0.1 21.7 ± 0.1 22.3 ± 0.1 11.3 ± 0.1 22.1 ± 0.1 
CrMnFeNi 25.0 ± 0.3 25.3 ± 0.3 24.9 ± 0.2 - 24.8 ± 0.4 
 
 
Table 2 
Solidus temperatures obtained from DSC of alloys in the homogenised condition. The solidus 
was taken as the onset of melting during heating at 10̊ C/min. 
Alloy  DSC Solidus (̊C) 
CrMnFeCo1.5Ni 1295 
CrMnFeCo0.5Ni 1265 
CrMnFeNi 1225 
 
 
Table 3 
Phase compositions of the CrMnFeCo0.5Ni alloy following 1000 h heat treatments at 900, 700 
and 500̊C obtained by averaging of EDX point spectra. Elemental concentrations are given 
in at. % along with the standard deviation between measurements. 
Condition Phase / structure Cr  Mn Fe Co Ni 
900Ԩ matrix / fcc 21.9 ± 0.5 21.7 ± 0.3 22.4 ± 0.3 11.5 ± 0.2 22.5 ± 0.5 
 light ppt. / j 45.2 ± 0.7 15.5 ± 0.3 20.2 ± 0.2 10.1 ± 0.2 9.0 ± 0.3 
700Ԩ matrix / fcc 22.4 ± 0.4 21.7 ± 0.4 22.4 ± 0.3 11.4 ± 0.2 22.1 ± 0.1 
 light ppt. / j 45.6 ± 2.3 14.5 ± 0.9 20.6 ± 0.3 11.2 ± 0.2 8.0 ± 1.2 
 dark ppt. / carbide 69.0 ± 9.3 10.5 ± 2.6 10.4 ± 2.2 4.0 ± 1.4 6.1 ± 3.1 
500Ԩ matrix / fcc 22.5 ± 0.2 21.6 ± 0.2 22.5 ± 0.2 11.4 ± 0.2 22.0 ± 0.2 
 
 
 
  
Table 4 
Phase compositions of the CrMnFeNi alloy in the homogenised condition and following 
1000 h heat treatments at 900, 700 and 500˚C. Average compositions were obtained from 
SEM-based EDX point spectra, except in he 500̊C condition where TEM-based EDX was 
used due to the fine precipitate size. 
Condition Phase / structure Cr  Mn Fe Ni 
1170Ԩ matrix / fcc 24.4 ± 0.2 25.5 ± 0.5 25.0 ± 0.4 25.1 ± 0.3 
 dark ppt. / bcc 40.6 ± 0.6 20.4 ± 0.4 25.1 ± 0.3 13.9 ± 0.4 
900Ԩ matrix / fcc 17.0 ± 0.3 29.3 ± 0.4 23.9 ± 0.5 29.8 ± 0.4 
 dark ppt. / bcc 64.3 ± 2.4 13.0 ± 1.0 18.7 ± 0.5 4.0 ± 1.0 
 light ppt. / j 44.3 ± 0.7 18.9 ± 0.4 26.4 ± 0.3 10.5 ± 0.3 
700Ԩ matrix / fcc 24.2 ± 0.2 26.2 ± 0.3 24.7 ± 0.2 25.0 ± 0.2 
 dark ppt. / bcc 69.8 ± 5.5 12.0 ± 2.1 13.0 ± 2.0 5.2 ± 2.8 
 light ppt. / j 44.5 ± 0.8 17.3 ± 0.4 30.9 ± 0.3 7.3 ± 0.6 
500Ԩ dark phase / L10*  2.7 ± 0.6 45.6 ± 1.1 3.8 ± 1.7 47.9 ± 2.5 
  light phase / j* 42.0 ± 1.4 10.5 ± 1.1 41.7 ± 0.7 5.7 ± 1.0 
* TEM-EDX      
 
 
  
 
Figure 1 – BSE images of the CrMnFeCo1.5Ni alloy in the homogenised condition and 
following 1000 h heat treatments at 900, 700 and 500˚C. Representative EDX elemental 
partitioning maps are displayed below which correspond t  the higher magnification BSE 
image of the 700̊C specimen (dashed outline). 
  
 
Figure 2 – BSE image and corresponding EDX elemental partitioning maps of the fine scale 
grain boundary precipitates observed in the CrMnFeCo1.5Ni alloy following a 1000 h heat 
treatment at 500˚C. 
  
 
Figure 3 – XRD patterns of the CrMnFeCo1.5Ni alloy in the homogenised condition and 
following 1000 h heat treatments at 900, 700 and 500˚C. 
  
 
Figure 4 – BSE images of the CrMnFeCo0.5Ni alloy in the homogenised condition and 
following 1000 h heat treatments at 900, 700 and 500˚C. Representative EDX elemental 
partitioning maps are displayed below which correspond t  regions of the BSE images 
indicated with a dashed outline. 
  
 
Figure 5 – XRD patterns of the CrMnFeCo0.5Ni alloy in the homogenised condition and 
following 1000 h heat treatments at 900, 700 and 500˚C. Inset shows an additional XRD 
pattern from a different region of the 900̊C heat-treated material in which j reflections were 
identified. 
  
 
Figure 6 – BSE image of the CrMnFeNi alloy in the homogenised condition and following 
1000 h heat treatments at 900, 700 and 500˚C. Representative EDX elemental partitioning 
maps are displayed below which correspond to the BSE images indicated with a dashed 
outline and labelled (i) through (iii). 
  
 
Figure 7 – XRD patterns of the CrMnFeNi alloy in the homogenised condition and following 
1000 h heat treatments at 900, 700 and 500˚C. 
  
 
Figure 8 – Differential Scanning Calorimetry thermograms of CrMnFeNi alloy specimens 
upon heating. Includes material n the homogenised condition at 1170˚C for 100 h and heat-
treated at 900, 700 and 500˚C for 1000 h. 
  
 
Figure 9 – (a) BSE image shows a former bcc precipitate within the former matrix of the 
CrMnFeNi specimen following 1000 h exposure at 500̊C. (b) BSE image shows the 
boundary between the former bcc precipitate (above) and the former matrix region (below). 
The EDX elemental partitioning maps, (i) through (iv), correspond t  the dashed region i
image (b). 
  
 
Figure 10 – STEM image of ultra-fine lamellar structures within the former matrix region of 
the CrMnFeCoNi specimen exposed for 1000 h at 500̊C. The EDX elemental partitioning 
maps above correspond to the dashed region. 
  
 
Figure 11 – BSE images and corresponding EDX elemental partitioning maps of grain 
boundary regions in the CrMnFeCo1.5Ni alloy following 2500 and 5000 h exposures at 
500˚C. 
  
 
Figure 12 – BSE images and corresponding EDX elemental partitioning maps of grain 
boundary regions in the CrMnFeCo0.5Ni alloy following 2500 and 5000 h exposures at 
500˚C. 
  
 
Figure 13 - Section of a Co isopleth of the CrMnFeCoxNi alloy showing the phase stability 
predictions of TCHEA3. Compositions and temperatures where j phase has been 
experimentally observed are shown as red circles while those which were single phase fcc are 
denoted with green squares. Purple hexagons indicate the presence of bcc as well as j 
precipitates and blue diamonds contained other phases. It should be noted that this diagram 
requires the data to be plotted using nominal, rather than actual, alloy compositions. 
